In a companion paper [1] , "Substructuring of a nonlinear beam using modal Iwan framework, Part I: Nonlinear Modal Model Identification", nonlinear modal models are constructed for an experimental substructure that represent the dynamics using a set of uncoupled weakly nonlinear modes. This assumes that the linear modes of the structure remain uncoupled so that the nonlinearity can be described in a mode by mode fashion. These nonlinear modal models can be used to simulate the response of the experimental system. This paper demonstrates the use of these models to represent a substructure in an experimental-analytical substructuring prediction. The authors utilize the transmission simulator method on the experimentally derived models to generate predictions of a modified Brake-Reuss Beam system. The substructuring predictions are then compared to a truth test data set to validate the method. To further understand the limitations of the method and its sensitivity to measurement noise, the modal substructuring approach is also simulated on a finite element model of the beam that contains three discrete nonlinear elements to represent the joint.
Introduction
Experimental-analytical substructuring allows one to predict the dynamic response of an assembly by coupling substructures derived from experiments with substructures represented by finite element models. There are numerous applications of experimental-analytical substructuring, but in particular this is useful when one part of a system is difficult to model. When building a structure from several subcomponents, there are often many joints involved, either contained within one subcomponent or between them. Such joints are known to be a significant source of nonlinear damping in built-up assemblies, and their stiffness is difficult to predict when modeling. One way to account for these dynamics when predicting responses for the full assembly is to use an experimental subcomponent model. However, few methods have been proposed to identify and utilize nonlinear subcomponent models in substructuring.
In Part I the authors outlined a method used for testing and identifying weakly nonlinear structures that can be modeled as a collection of uncoupled, weakly nonlinear (in the case of micro-slip) oscillators. This work builds on that using the identified nonlinear modal models to describe subcomponents in an experimental-analytical dynamic substructuring prediction. A more in depth study of these modal models is contained in [1] . Experimental identification of nonlinear modal models has also been explored previously on an industrial system in [2] using 4-parameter modal Iwan models. More, recently the Iwan modal models have been compared with polynomial models in [3] [4] .
There are several methods of experimental-analytical substructuring. In [5] deKlerk and Rixen discuss many methods and their history. The synthesis procedures in these techniques apply to both linear and nonlinear systems. In the work described herein, the transmission simulator method was used to generate dynamic substructuring predictions. This method uses an experimental system that includes a fixture (or transmission simulator) as one subcomponent. This fixture is meant to simulate the boundary conditions of the subcomponent of interest in the next level assembly. The rationale behind the transmission simulator method can be found in [6] [7] [8] . One main advantage of this method is its ability to capture the stiffness and damping between the substructures because the same joint is used between the transmission simulator and the structure of interest as that in the full assembly. Here this is especially important because it allows one to capture the nonlinearity generated by the joint in a single experimental substructure, using the transmission simulator to excite the joint dynamics. This means that one can capture the nonlinearities in the system on the subcomponent level, then assemble the substructure models to see how those nonlinear forces affect the fully assembled structure.
A few methods have been explored for completing synthesis with nonlinear components. In [9] Kalaycioglu and Ozguven discuss component mode synthesis with nonlinear structural modifications. More recently, Krack explored using component mode synthesis with nonlinear normal modes in [10] . This work focuses on weakly nonlinear structures where the modes remain uncoupled in microslip amplitude ranges. This is the first attempt to use these nonlinear modal models in a synthesis approach using the transmission simulator method and weakly nonlinear modes. This is a continuation based on the approach presented by the authors in [11] .
Substructuring methods are not yet commonly used in industry, but in most applications practitioners seek to create finite element models of the structure of interest, possibly including nonlinearities, and to update the model to reproduce the available experimental measurements. This alternative is also briefly explored here by modeling the Brake-Reuss Beam with a discrete Iwan joint to represent the area around each bolt. The parameters of these models are then updated to best match test data. This also provides a model that can be used to simulate modal substructuring on the Brake-Reuss Beam. In a companion paper [12] this same approach is used to predict the response of the Brake-Reuss Beam after modifying part of the structure away from the joint. This paper is organized as follows. Section 2 outlines the theory behind dynamic substructuring when using these nonlinear modal models. Section 3 contains an overview of the substructuring problem being investigated as well as detailed descriptions of each substructure. In Section 4 these substructuring techniques are employed on both a FEM assembly and experimental-analytical assembly of the Brake-Reuss Beam. Section 5 concludes the paper and discusses some future work in this research area.
Nonlinear Modal Substructuring using the Transmission Simulator Method
This section begins with a discussion on traditional linear dynamic substructuring, then the nonlinear forces are implemented into the problem as described later. Traditional substructuring is explained well in [13] and [5] , but an overview is provided here for convenience. For a general linear system, each substructure can be written as
where, , , and are the mass, damping and stiffness matrices of substructure C. This work implements modal substructuring so this equation of motion is now cast into modal space by using the modal transformation where the physical displacements, , on substructure C are related to the mode shapes and modal coordinates, , of the substructure. This transformation is completed by using the linear mode shape matrix,
After making this substitution and premultiplying by the transposed mode shape matrix the equations of motion for the substructure leads to the modal equations of motion presented in Eqn. (3) .
The transmission simulator method begins by writing the modal equations of motion for each substructure in block diagonal form as shown in Eqn. (4) . Note that as shown, substructure C and B are positive and substructure A is negative in the block diagonal; this is the common transmission simulator scenario where one is adding two substructures together and removing the effects of the transmission simulator from the system.
Note that each substructure in the equations above is uncoupled from the other components. Additionally, each mode of each substructure is uncoupled from the other modes. In order to complete dynamic substructuring we must enforce constraints between the individual substructures which can be written as follows.
These constraints tie physical degrees of freedom on different substructures to enforce displacement compatibility at the interface between substructures. Here, , is a Boolean matrix that defines this compatibility. These constraints can be cast into the modal domain as shown in Eqn. (
Then a new set of coordinates,  , are defined that can take on any values without violating the constraints. This is accomplished by finding a transformation matrix, L , that resides in the nullspace of B .  q Lη
This transformation matrix can now be applied to the modal equations of motion, Eqn. (4), to synthesize the system.
In Part I, the authors explored representing a single substructure as a combination of linear and weakly nonlinear modes. Thus the equations of motion for such a substructure could be written as:
where,
, is an force describing the joint nonlinearity of the n , , ,
th mode based on the state of that modes amplitude. This could take many forms but in this work this force is represented by a 4-parameter modal Iwan model. Each mode of the subcomponent is still treated as uncoupled; thus the authors assume the mode shapes do not change with increased force level and that the modes of the system remain uncoupled. This limits this methodology to substructuring with weakly nonlinear substructures. As first proposed in [11] , these joint forcing terms can be added to the synthesized equations through the same transformation matrix.
Also note that the nonlinear forces themselves depend on the substructure DOF , and , which are related to η via eq. (
. In Part I [1] , each modal DOF remained uncoupled and hence the response of the substructure could be found by integrating each SDOF modal equation of motion independent of the others. However, when assembling the substructures these nonlinear forces are spread to all DOF via and thus the modal DOF are no longer uncoupled in the assembled system. In [
11] the authors detail specifically how to implement these with the use of a 4-parameter Iwan modal model in a Newmark integration algorithm, so that is not repeated here. In the next section, the authors define each substructure studied in this work, the Brake-Reuss Beam.
Substructure Identification
With dynamic substructuring theory in place, this section will discuss the individual substructures of interest for this study. The system of interest for this study is the Brake-Reuss Beam which is a pair of metallic half-beams bolted at the center with a lap joint. Figure 1 shows the Brake-Reuss Beam in an experimental set-up. Figure 2 shows the three substructures and the built-up, modified structure. Substructure C is the standard Brake-Reuss Beam that is represented by: 1.) an experimental model, detailed in [1] , 2.) a FEM model discussed in Section 3.2 of this work. Substructure A will be the transmission simulator for these predictions and is simply the right half of the Brake-Reuss Beam system. This substructure is modeled using a finite element model, detailed in Section 3.3. Substructure B is a design modification, a half beam with a mass attached to the end. Finally, the assembly of interest is the modified Brake-Reuss Beam represented by substructure D.
Figure 2. Substructure Overview
The goal is to predict the dynamics of a modified Brake-Reuss Beam (substructure D) in which the right beam (substructure A) is replaced with a modified structure (substructure B). This simulates an industrial application where a design modification is made to one part of the assembly such that its dynamics are changed considerably. This task was completed following two parallel paths where substructure C is embodied using two different methods. The first path utilized a FEM of the substructure where three discrete nonlinear Iwan joints were included between the two substructures to represent the bolts. The four parameters describing each Iwan joint were updated to match experimental response measurements. The second is a combined experimental-analytical substructure where the nonlinear modal model from Part I [1] is employed. Both paths will attempt to utilize their respective substructure models in order to predict the response of a modified Brake-Reuss Beam, substructure D. Table 1 shows the source of each substructure for the two substructuring paths. When completing substructuring with the FEM model, the response prediction will be compared to a response generated from a full FEM simulation. For the experimental-analytical substructuring, the predicted response will be compared to the measured response from a truth test. The following subsections will provide the identification for each substructure used in these predictions. 
Substructure D: Comparison for Prediction
Full Simulation Truth Test
Experimental Substructure C: Standard Brake-Reuss Beam
Substructure C is the standard Brake-Reuss Beam which was studied in detail in Part I [1] , but a brief summary is contained here. The Brake-Reuss Beam was instrumented with 15 low sensitivity (5 mV/g) accelerometers as shown in Fig.  1 . A low level modal test was used in order to determine the linear parameters of the system as listed in Table 2 . High level impact testing was used to fit nonlinear modal models for the first and second elastic modes of the substructure. As detailed in Part I, only the first two elastic modes of the system were found to behave nonlinearly and thus were modeled with 4-parameter Iwan modal models (i.e. an Iwan joint in parallel with the modal stiffness and damping, as shown in Fig. 3 ). The experimentally extracted Iwan parameters are repeated Table 2 for convenience. Each mode of the system is uncoupled from all others, so each can be represented as a single degree of freedom oscillator as shown in Fig. 3 . Fj is an instantaneous force in the Iwan Joint which can be found as described by Segalman in [14] .
Figure 3. Schematic of SDOF model used for each modal degree of freedom
These Iwan parameters were obtained by fitting amplitude dependent stiffness and damping curves from several high level impact tests. The same high level testing data was used to calibrate the next substructure, the numerical FEM model of substructure C.
Numerical Substructure C: Standard Brake-Reuss Beam
A finite element model of substructure C was also developed. This allowed the authors to determine how accurate modal substructuring could be when experimental error is removed from the predictions. A solid mesh was made of the Brake-Reuss Beam system using 22,000 elements, as shown in Fig. 4 . The half beams of the system were modeled and meshed separately at this stage. In order to connect the two half beams, the joint surfaces were connected to a virtual node using averaging rigid bar elements (i.e. RBE3 in Nastran). These spider-like connections are shown in Fig. 5 . At these virtual nodes, a set of linear springs and an Iwan joint in the axial direction was added to the system in order to couple the two beams. [15] . The CB model contained 30 fixed interface modes and the three virtual nodes at interface locations with 6 degrees of freedom each. After the CB model was extracted, linear springs were added between the two beams except in the axial direction. At each of the three virtual nodes, the DOFs in the axial direction were instead coupled using a 4-parameter Iwan model. The parameters of these discrete Iwan elements will later be updated to match experimental measurements from the assembled Brake-Reuss Beam. Note that, although one could connect each pair of the nodes at the joint surface with a nonlinear element, this would be contrary to the idea of using an Iwan element, which internally contains a parallel array of slider elements that are tuned to represent the stiffness and damping of an entire joint.
The two beams were assembled as described above with the Iwan elements represented by springs with the low amplitude stiffness, , 0 K and the eigen value problem was solved to obtain the natural frequencies and mode shapes, see Table 3 . Also included in Table 3 are the MAC values between the FEM and experimental mode shapes. The model matches very well with frequency errors under 2% and MAC values above .98 for all the modes of interest. Figure 6 shows a comparison for the first two elastic modes between the FEM model and the experimentally extracted mode shapes. 
Figure 6. FEM and Experimental Mode Shapes
In [16] Allen, Lacayo and Brake presented an adaptation of the quasi-static algorithm of [17] that statically loads a structure in the shape of a mode to excite one mode of interest. The study in [16] showed that this algorithm accurately estimates the behavior of each mode of a typical structure in a small fraction of the time required to perform a dynamic simulation. The authors made use of this algorithm to calibrate the parameters of the three discrete Iwan joints of the assembled Craig-Bampton model by matching the amplitude dependent natural frequency and damping curves for the first two elastic modes extracted from the FEM with the corresponding curves extracted from the measured impact data as outlined in Part I [1] . Figure 7 shows the results of this quasi-static simulation for the first elastic mode of substructure C. 
Figure 7. Quasi-Static results for amplitude dependent damping and frequency
After manual trial and error, the Iwan parameters for the three discrete joints were found and are given in Table 4 . In order to simulate experimental modal substructuring for this model, simulated experimental measurements were needed from which a SDOF nonlinear model could be estimated for each mode. For convenience, the quasi-static solutions (such as that shown in Fig. 7 for Mode 1) were fit to a 4-parameter modal Iwan model for each mode. Recall that in Part I [1] , only the first two elastic modes in the experimental system were observed to exhibit measurable nonlinearity. However, when a structure contains even one nonlinear element, all bending modes can end up exhibiting some traces of nonlinearity. Such was the case here, so a nonlinear modal model was fit to each of the four bending modes. Table 5 contains the parameters for the four elastic modes of the numerical version of substructure C. These four nonlinear elastic modes in combination with 2 rigid modes comprise the numerical model of the system.
It is interesting to consider why the experimental model did not show similar evidence of nonlinearity in the 3 rd and 4 th bending modes. One possible explanation is that perhaps the force level applied during the experiments was not adequate to excite the nonlinearity in the 3rd and 4th bending modes. Conversely, it could be that the discrete Iwan elements used here are not a perfect model for the actual beam. This numerical substructure is only used to prove out nonlinear substructuring techniques. As such, it was necessary to tune the Iwan parameters to get realistic amplitude dependant results, but not perfectly match the experimental results. The transmission simulator and half-beam modification were modeled in a finite element program. The first is a simple half-beam from the Brake-Reuss Beam system. This substructure will act as the transmission simulator, so modal constraints will be used to couple the negative copy of this substructure to the measured transmission simulator at all measurement points. Thus its effects will be removed from the assembly during the substructuring process. Figure 8 shows the finite element mesh for the transmission simulator. The nodes shown in white depicted on Fig. 8 the are the measurement points.
Figure 8. FEM and Experimental Mode Shapes
Recall from Fig. 2 that the transmission simulator will be replaced with the half-beam modification in the assembly of interest. In order to verify that substructures A and B are sufficiently different so that the substructuring problem is not trivial, their natural frequencies were compared and the results are shown in Table 6 . Each natural frequency shifts by at least 13% (more than one hundred times the width of the peak in the FRF), so the change is judged to be adequate to provide an interesting case study. A 0.75 kg mass was attached to the end of the beam to sufficiently shift the frequencies of the first few bending modes of the system. Material damping of 0.1% was used for each mode in the standard and modified transmission simulator. Figure 9 displays the FEM mesh of the half-beam modification. The added mass was connected to the beam using high stiffness springs between each pair of adjoining nodes.
Figure 9. FEM and Experimental Mode Shapes

Nonlinear Modal Substructuring Results
Next, the transmission simulator equations, Eqns. (11) and (12) were used to generate predictions of the modified assembly (substructure D). First, predictions were constructed using the numerical model and compared to the full FEM simulation, as detailed in Section 4.1. With the numerical model it is simple to test different scenarios such as sensor placement and the number of modes retained in each substructure. This also gives an indication of how well this method can work in the absence of experimental noise. The process was repeated using the experimental-analytical substructuring approach in Section 4.2. These experimental-analytical predictions are compared directly to measured test data to assess their quality.
Numerical Substructuring Results
With the numerical model of Substructure C, it was possible to use as many nodes as desired in the simulation. The authors selected a reduced set to best simulate an experiment where finite instrumentation pieces may limit sensor locations. In order to evaluate modal convergence for each substructure, this large sensor set was used. This provides high quality mode shapes even for higher order bending modes. Figure 10 shows an expanded set of degrees of freedom used in the numerical substructuring.
Figure 10. FEM with expanded sensor selection
A study was completed to determine how many modes of each substructure were needed for a high-quality, linear prediction. Table 7 shows the linear frequencies that this substructuring model predicts for the first four elastic modes. For this case, 6 modes (2 rigid and 4 elastic) were used in each of substructures C and B; while only 4 modes (2 rigid and 2 elastic) were used for the transmission simulator. The frequencies are reasonably accurate, suggesting that modal truncation will not be too severe if at least four elastic modes can be measured. The number of modes in each substructure was varied to understand how sensitive the results were to the particular modes used for each substructure. Table 8 shows several of the combinations evaluated. Here, Case #1 is case that was just discussed. A few important observations may be made. Cases #4 and #7 show that the error increases significantly if the 4th mode of A it not included. Cases #9-#11 can be compared to Case #3 and we can see that additional modes in substructure C do not improve the quality of the prediction. The configuration from Case #3 was chosen to evaluate the nonlinear substructuring. This includes 6 modes in substructure C and B, but only 4 modes in the transmission simulator, substructure A. Now that the number of modes to be retained in each substructure have been determined, the nonlinear forces can be added to the assembled equations of motion and a Newmark integrator can be used to predict the nonlinear response to 20 N impulsive loading at the center of the modified assembly (substructure D). The response was then decomposed into the contribution of each mode using a linear modal filter. A truth FEM was constructed using the same CB model of Substructure C with the transmission simulator, A, replaced with the half-beam modification, B. Note that the parameters of the three discrete Iwan joints were not altered when A was replaced with B as the discrete joint properties were believed to be unaffected by the modifications seen in B. The time histories for the first and second elastic modes are shown in Figs. 11 and 12 . Both modes match the full truth FEM simulation remarkably well with the first elastic mode fitting slightly better than the second. The frequency for both modes is off slightly, but this is to be expected considering the frequency error present in Table 7 . These signals can be compared in the frequency domain as well by applying an FFT to the time history, as shown in Fig.  13 . Here, the peaks between the nonlinear substructuring prediction and the full FEM solutions correlate well. A small nonlinear distortion is visible in both the substructuring prediction and the truth model and the only major source of error is due to a frequency shift in the linear substructuring prediction. Additionally, the response predicted by substructuring can be compared to the full finite element simulation by way of the amplitude dependent natural frequency and damping ratio extracted from the time histories, as shown in Fig. 14 . The frequency is normalized to the linear natural frequency to make the trends visually comparable despite the difference in the linear natural frequencies. Both the frequency and damping correlate well between the prediction and the FEM simulation for the 1 st elastic mode. The comparison was not so straightforward with the second mode. Figure 15 shows the amplitude dependent results for this mode. At higher amplitudes the curves have similar trends but at lower amplitudes the Hilbert algorithm apparently fails to accurately capture the frequency and damping. However, because the time signals and FFTs compared very well in Figs. 12 and 13 we suspect that this is simply an anomaly of the Hilbert algorithm. Overall, the nonlinear numerical substructuring prediction seemed to be a good estimate of the FEM solution. The simulation model suggests that nonlinear modal substructuring will work given an appropriate number of modes.
Experimental-Analytical Substructuring Results
To begin the experimental-analytical substructuring process the linear substructuring prediction is first completed. To do this the nonlinear forces for each mode were replaced with linear springs corresponding to the completely stuck state ( ).
For this example, 6 modes each were retained for substructures C and B, with only 4 modes in substructure A. The predictions of the modal parameters of the first four elastic modes are compared with those from the truth test in Table   0   K 9. This captures how well a linear substructuring prediction did compared to a linear (low level) truth test! In Table 9 the frequency errors are small. It is important to remember how much a mode changes due to the nonlinearity in the system. It is common to see frequency shifts around the 1-5% range due to high level impact testing. Thus, it may be difficult to evaluate the effectiveness of the nonlinear modal models to capture the nonlinear stiffness. In contrast, damping errors in Table 9 are larger. Damping often changes by larger factors often being amplified by 200-400%. Although we have significant error in predicting damping, the error is small relative to how much the damping changes with amplitude. This change with amplitude is what we hope to represent with our nonlinear model.
The MAC values show that the modes correlate between the truth test and the substructured predictions very well. Figure  16 shows the modes shapes of the first two elastic modes. For each of these modes the prediction matches the experiment very well. Here, predicted modes are shown using the stuck ( ) case for the linear substructure and also the case when the joints are replace with springs corresponding to the fully slipped ( 
Figure 16. Predicted Mode Shapes
Now that the linear substructuring prediction quality is understood, the nonlinear forces can be added to the assembled equations of motion and a Newmark integrator can be used to predict the nonlinear response to 500 N impulsive loading at the end of the beam. Figure 17 compares the results of this response simulation in the frequency domain. The "Linear Measured" curve is a driving point FRF measurement for a low level test case, aiming to capture a linear driving point response. Another curve has been added to this plot which is the drive point frequency response function due to a 500 N impulsive load on the end of the beam. The difference between these two curves (green and red) are what the nonlinear modal models desire to replicate. The "Linear Substructuring Prediction" black curve is a curve fit of the modal parameters found from the linear substructuring process. Therefore, the shift between the green and black curves illustrates the error in the linear substructuring predictions.
When the nonlinear forces were added to the substructuring by using a Newmark integrator to solve Eqn. (12) the impact of the nonlinear modal models became clear. The blue curve represents this nonlinear substructuring prediction. As mentioned previously, comparing the red and green curves highlights the change in the response due to the nonlinearity in the mode. Likewise comparing the blue and black curves highlights a similar change exists in the substructured predictions. The frequency of the nonlinear resonant peak is still off by the 1.17% frequency error from Table 9 but the lean of the peak and damping levels are much closer to the measured result. This is remarkable as the nonlinear models were fit at a substructure level, yet the predictions at the assembled level seem to represent the measured nonlinearity accurately! In Fig. 18 the time history of the modal acceleration for the first mode of the modified Brake-Reuss Beam (substructure D) is shown. Here one can observe that early in time the linear model, the nonlinear prediction and the measured data match fairly well. However, the linear model has too little damping and so it overestimates the amplitude of the signal by a factor of approximately 5 late in the time history. In contrast, the nonlinear prediction tracks the measured, modally filtered result very well. Figure 19 shows these amplitude dependent properties of the first and second bending modes obtained using the Hilbert Transform as shown in [1] . In the damping curve for the first bending mode, at an amplitude of about (0.040 kg 1/2 m/s), the response from the substructuring prediction starts to diverge and under predict the damping when compared to the measured data. This could be due to an error in how the modal Iwan Models were fit for substructure C, but similar effects at high amplitudes have been observed in works by Lacayo et. al [18] so it was suspected this may be due to important modal coupling at high amplitude levels.
Recall from Part I that these models were fit in a least squares sense over several different impulsive loading cases. These loading cases in general were much smaller than the 500 Newtons being tested here. Higher level hits on a substructure level may have led to a model that appropriately fits the damping in a larger range. Another possibility is that the system is reaching the onset of macroslip, and previous studies have shown that nonlinear modal models are accurate only until the onset of macroslip [18] . Therefore if one of the joints is in macro slip, this could lead to erroneous results. Note, for mode 2 the damping seems to match the measured value in the micoslip region and that the offset in the low level damping region is mainly due to inaccuracy in the prediction of the linear damping ratio for this mode. Using the linear mode shape matrix, the prediction of the modal coordinate response can be transformed into the physical domain and compared to the measured response. Figure 20 shows the drive point acceleration obtained using linear substructuring, the nonlinear substructuring prediction and the measured result. As was the case with the individual modes, all three models correlate well very early in time, but the linear model contains insufficient damping and becomes inaccurate later in time. The nonlinear prediction has the correct amplitude over all of the time window. 
SS Prediction Experiment
Conclusions
This work utilized uncoupled nonlinear modal models to represent a substructure in a dynamic substructuring problem. These individual components were coupled using the transmission simulator method in order to generate a nonlinear model for the assembly. It is interesting to note that, even though each mode in the original substructure is modeled by an uncoupled, nonlinear single-degree-of-freedom system, the substructuring process spreads the nonlinearity into every mode of the assembled system. As a result, a Newmark integration routine was used to simulate its response to various impulsive loads and thus to compare the amplitude dependent frequency and damping predicted by the model with that measured on a truth model. Each mode of the simulation model and the truth model again behaved as a nonlinear (uncoupled) single-degree-of-freedom system. Experimental-analytical substructuring predictions were very promising. Linear frequency errors were low (less than 2%) but damping errors were larger (under 50%). The nonlinearity due to the bolted joint caused the damping to change by factors of 6-8; therefore, even though there were relatively large errors in the linear damping ratio predicted by substructuring the effects of the damping nonlinearity were still captured with reasonable accuracy. The nonlinear substructuring results were quite favorable and showed that the substructuring process is quite effective for this system, whose nonlinearity is dominated by micro-slip. The accuracy of the substructured prediction appears to be tied to the accuracy of the modal model used to describe the nonlinear behavior of the structure subcomponents. At high enough amplitudes the authors suspect a significant amount of modal coupling begins to occur, which reveals the main limitation of this methodology.
A FEM model of the beam substructure was also generated for this study. The beam model was updated to linear experimental measurements. Then discrete Iwan parameters were fit to best simulate the nonlinear behavior that was observed in test. This model was used to evaluate the number of sensors needed and their locations as well as to explore the effect of the number of modes retained for each subcomponent. A response prediction based on substructuring with FEM subcomponents was compared to a simulated response from a truth FEM model created by replacing Substructure A with B in the original FEM model. The substructuring predictions from the numerical substructuring suggest that in the absence of experimental noise this nonlinear modal substructuring approach is a quite accurate. In [12] it was tested whether far-field effects and changes on a structure away from the joint change the discrete joint parameters. There the authors used a similar FEM model of the Brake-Reuss Beam. Discrete parameters were fit to match the unmodified system. The FEM was then modified to adjust the far-field structure and these FEM results were compared to test. The results demonstrated (once again when the joints are confined to the microslip regime) that the far-field changes did not significantly change the discrete Iwan parameters that best describe the joints.
